We explore the optical and electrical characteristics of monolayer graphene by using pulsed optoelectronic terahertz time-domain spectroscopy in the frequency range of 325-500 GHz based on fast direct measurements of phase and amplitude. We also show that these parameters can, however, be measured with higher resolution using a free space continuous wave measurement technique associated with a vector network analyzer that offers a good dynamic range. All the scattering parameters (both magnitude and phase) are measured simultaneously. The Nicholson-Ross-Weir method is implemented to extract the monolayer graphene parameters at the aforementioned frequency range.
Introduction
One-dimensional (1D) carbon nanotubes (CNTs) and twodimensional (2D) graphene forms of carbon nanostructures are considered as alternative materials to indium-tin oxide (ITO) for flexible transparent conductive films, since they have unique electrical, optical, thermal, and mechanical properties [1] [2] [3] [4] [5] . Carbon nanostructures have been applied in electronic devices, such as conductive flexible adhesives [6] and field-effect transistors [7] . The high mobility of electrons [8] and optical conductivity [9] in graphene have been experimentally investigated to study the ultrafast intra-/interband transitions of two-dimensional Dirac fermions and ballistic transport at room temperature [10, 11] . Contact devices have been employed to characterize the current voltage of metallic and semiconducting carbon nanostructure samples and to determine their remarkable electrical properties [12, 13] .
Many materials that are opaque to visible and infrared light are transparent to terahertz (THz) radiation. Moreover, microwave and far infrared (IR) absorption spectroscopy have limitations because of the complicated numerical transformation process. The nondestructive and noncontact optoelectronic setups that generate and detect coherent THz electromagnetic waves facilitate to characterize both thin and bulk materials. The advantages of continuous wave (CW) characterization using vector network analyzer (VNA) over pulsed terahertz time-domain spectroscopy (THz-TDS) are higher spectral resolution and huge dynamic range in the sub-THz frequencies (60-70 dB around 500 GHz) [14] . For above 500 GHz, pulsed THz-TDS offers better spectral resolution and dynamic range. Electrical properties, such as conductivity, can be easily derived from the measured optical constants at THz frequencies [15, 16] .
It was believed that the synthesis of a single sheet graphene was difficult. But in 2004, Novoselov and Geim showed that it is possible to isolate monolayer graphene and to deposit it on a substrate and that the electrical and optical measurements can be performed [17, 18] . Here we present the experimental study of MG deposited on a fused quartz substrate in the frequency range of 325-500 GHz by using both pulsed and CW techniques at room temperature. The optical and electrical properties are studied using THz-TDS and it is compared with CW-VNA technique since it offers a higher spectral resolution and a good dynamic range especially at sub-THz frequencies. The synthesis of MG sample and its Raman spectral properties are given in Section 2. The experimental setups and the parameter extractions are explained in Section 3. The obtained results are discussed in Section 4.
Monolayer Graphene Sample
MG sample was purchased from Meijo Nano Carbon Ltd (Japan). It was synthesized through chemical vapor deposition (CVD) reaction after the epitaxial growth of metal catalysts on a substrate which is then transferred onto a fused quartz base (20 × 20 × 0.49 mm 3 ). The fused quartz substrate was chosen to facilitate the detection of THz waves to reduce the attenuation of the propagated beam.
The number of layers and the electronic structure of graphene sample can be explored in Raman spectrum [19] . Number of graphene layers and quality of fabricated sample can change the intensity of G and 2D peaks [20] . Figure 1 shows the Raman spectra of transferred MG taken under this study with G (∼1580 cm −1 ) and 2D (∼2680 cm −1 ) bands.
The intensity of disorder-induced D band (∼1,350 cm −1 ) may be because of edges and subdomain boundaries in graphene consistent with MG as discussed in [21] with intensity D / G ratio ∼0.2.
Sub-THz Experimental Setups

Pulsed Time-Domain THz Spectroscopy.
We perform the THz characterization of the described MG sample using a conventional THz-TDS setup as shown in Figure 2 [22, 23] . The samples are located at the waist of the THz beam that can be considered as an almost perfect Gaussian beam, whose section is very much smaller than the sample surface 20 × 20 mm 2 . Hence, no diaphragm is needed to resize the THz beam to pass through the sample. Moreover, we can notice that the Rayleigh length of the THz beam is much longer than the sample thickness throughout the studied THz frequency range. Therefore, the samples can be considered as illuminated by a plane THz wave. The waveforms are recorded over a 35 ps time-window, leading to a spectral resolution of 28 GHz.
Three measurements of temporal waveforms are performed. At first, the reference signal for air is recorded. Secondly, the quartz substrate is placed between the THz emitter and detector antennas and the corresponding reference signal is recorded. The reference substrate is then replaced by the sample and once again the measurement is performed. For each sample, the measurements are repeated four times to find the average amplitude of each THz waveform. The Fourier transform technique is used to map the THz spectrum.
The field transmitted through the MG takes a more complicated expression than reference substrate. Thus, the extraction procedure to determine the complex refractive index of the MG is difficult, as it takes a complex value because of the losses caused by it. Since the substrate thickness is much higher than the thickness of the MG, one can time-window the recorded waveform in order to get rid of the temporal echoes that reflect back and forth in the substrate [24] . In the frequency domain, the expression of the three Fourier-transformed measured signals for reference air ( ), the bare substrate ( ), and the substrate covered with MG( ) can be written as [24] [25] [26] 
The subscripts , , and are for ambient medium (air), MG sample, and substrate. is the air-incident beam. is the thickness of the MG sample and and are the coefficients of transmission and reflection at the interface between media and .̃= + is the complex refractive index of medium . Then, and are the refractive index of the bare substrate and the MG sample, respectively. To derive (2) and (3), we made the hypothesis that the substrate is thick enough to get rid of the rebounds of the THz pulses occurring inside by an appropriate time-windowing. From (1) and (2), we determine the refractive index̃of the substrate using a classical THz-TDS extraction procedure. From (2) and (3), the complex transmission ( ) for thin film with magnitude ( ) and phase shift ( ) can be defined as
As the thickness of MG( ) is nanometric and also ( / ) = ( 0 /̃2 ) for a highly conductive film, we can take an approximation of (̃/̃2 ) ≪ 1 and (4) can be written as
where
is complex conductivity of the MG.
CW Sub-THz Measurement Using a Vector Network
Analyzer. The schematic diagram of the experimental setup for sub-THz characterization of the MG sample is given in Figure 3 . The measurement is carried out in free space using a Rohde and Schwarz ZVA 24 VNA associated with frequency extenders. The transmitting and receiving ports are connected to rectangular waveguides which act as antennas. The sample is placed between these waveguides with the help of a sample holder. The THz beam is manipulated using two polymer lenses and the sample is placed in the collimated part of the beam.
The VNA simultaneously delivers both magnitude and phase of scattering ( ) parameters. The measurement is done with a 0.525 GHz spectral resolution. The maximum frequency of the VNA is 24 GHz which derives the extenders. But at the extender output, as the signal is multiplied inside, the maximum operating frequency is increased up to 500 GHz. The system is first calibrated using the TRM (through, reflect, and match) method before starting the sample measurements. Once calibrated, the reference measurements are done for a bare substrate [27] . The calibration frequency is direct in the THz range as we use a waveguide calibration in range 325-500 GHz with a step of about 500 MHz. This step is sufficient as no fast frequency variation is expected for the measured sample. The normally incident beam is allowed to pass through the sample. The corresponding -parameters are recorded. The measurements are once again performed for the MG deposited on the fused quartz substrate. To extract the refractive index and conductivity of the MG sample alone, we have first removed the effect of substrate [28, 29] . The material parameters of the MG are extracted by implementing the Nicholson-Ross-Weir (NRW) method [30, 31] . According to NRW method [32, 33] , the -parameters can be expressed in terms of reflection coefficient and transmission coefficient as √ 2 − 0 2 is the free space propagation constant. The cutoff wavenumber = / , where is the longer dimension of the rectangular waveguide and k 0 is the wavenumber in free space. The propagation constant can be expressed as
where is an integer. Since is complex, the function ln |1/T| has an infinite number of roots. Once the propagation constant is obtained, the effective permittivity of the sample is derived as follows:
The refractive index and conductivity are calculated from the extracted permittivity.
Results and Discussion
The optical and electrical properties of the reference substrate are first extracted followed by a parameter extraction of MG sample (Section 3). We determine the complex refractive index of the substrate using a classical THz-TDS extraction procedure [24] and the NRW method. The fused quartz substrate for both noncovered and covered samples with a thickness of 0.49 mm has a refractive index ( ) ∼1.95. The extinction coefficient of the substrate is nearly zero in the frequency range of 325-500 GHz (Figure 4) . And the absorption = 2 / increases continuously with frequency to reach 8 cm −1 at 2 THz [22] . In CW results, the measurements are not averaged as curves fluctuations are due to Fabry-Perot residual effects, which cannot be suppressed with averaging.
The plasma frequency and carrier density of MG have a nonlinear dependency, because of the conical dispersion. The two processes involved in optical absorption in graphene are carrier intraband transitions and interband transitions [34] . It is important to note that the intraband transition conductivity in the THz range dominates the interband transition conductivity [35] . The measured intraband conductivity is 30 times larger than that of the interband [36] . Because of this, we only consider the conductivity by the intraband free-carrier response in sub-THz analysis.
The THz-TDS setup may not offer enough signal-to-noise ratio to determine the precise conductivity at low frequencies, because of its sensitivity to the thickness of the MG sample. Figure 5(a) shows the frequency-dependent refractive index obtained for MG sample which shows a similar response as that of thin films with metallic behavior [37] . The high absorption of electromagnetic wave passing through the sample, shown in Figure 5 (b), is in turn proportional to the carrier density of MG. Figure 5 (c) shows the conductivity ( , = 2 0 ) obtained for the MG sample using THz-TDS and CW-VNA techniques.
The thickness of MG is very small compared to the thickness of the substrate which has a lower attenuation at sub-THz frequencies. Because of this, in TDS analysis, the multiple-reflections happening inside the sample are taken into account as mentioned in (Section 3.1) . The values of conductivity in TDS measurement are sensitive to the thickness difference between the MG and reference substrate. CW-VNA method offers a higher spectral resolution and a good dynamic range. As seen, the obtained results using TDS analysis and NRW method are consistent with respect to each other.
The highly conductive and flexible nature of graphene promises it as a material for THz based applications such as broadband optoelectronic modulators [34, 35] and fieldeffect transistors [38] .
Conclusion
In this paper, two different techniques have been demonstrated as powerful noncontact nondestructive tools to study the optical and electrical properties of MG sample deposited on fused quartz substrate in the sub-THz frequency ranges of 325-500 GHz. Using THz-TDS measurement, we have considered the surface boundary condition of MG sample between transparent fused quartz substrate and air to precisely achieve the complex refractive index and electrical conductivity of single-layer graphene. We have also studied the MG sample using CW-VNA free space technique. The NRW approach has been utilized in order to extract the material parameters. The main advantages of using a VNA are higher spectral resolution and a good dynamic range in sub-THz frequencies.
In conclusion, it can be seen that the high absorption and conductive behavior of graphene can be studied using pulsed and CW Sub-THz techniques which promise a nondestructive characterization of nanoscale samples. 
